Introduction
In various applications pressure becomes more and more interesting as a parameter to control chemical equilibria and biotechnological processes. However, it is rarely considered as a tool to control adsorption equilibria for affinity separations. Since purifying proteins of interest [1] and bio molecules such as glycoconjugates is still a substantial bottleneck, in the following, an approach is given to utilize pressure in a semi-continuous selective separation process aiming at these substances.
To take advantage of high pressure in a semi-continuous separation process, joint results of researches in different branches are necessary. At first it had to be assured that bio molecules of interest like enzymes and glycoconjugates withstand the aimed working conditions unharmed. In literature can be found that in contrast to temperature induced changes to these molecules, most effects caused by pressure are reversible [2] [3] [4] . This is especially the case for ambient temperature and pressures up to 300 MPa. Researches concerning the treatment of foodstuff lead to similar conclusions. Significant deactivation of enzymes is found only above 350 MPa [5] , BSE contaminated food was exposed to 1200 MPa at 410 K to reach sufficient decontamination [6] . Suitable food preservation parameters are reported to be 350
MPa pressure at a temperature of at least 343 K [7] . It is unlikely that high pressurelow temperature treatment for enzyme inactivation can substitute high temperature treatment [8] . In general, high pressure affects bio molecules in very different ways, partly even enhances enzyme activity [9] , but no subunit dissociation of oligomeric proteins is observed [10] and no covalent bond breaking expected [11] . Pressure effects on Y-ADH were elaborately studied by this working group and the enzyme was found to withstand pressures of up to 300 MPa with only a minor loss of activity An Innovative Approach for Sorptive Separation of Amphiphilic Biomolecules Applying High Hydrostatic Pressure Bernd Niemeyer and Jan Jansen 5 [12, 13] . To realize the separation process, an automated high-pressure plant for a continuous flow through a fixed bed at pressures of up to 360 MPa was designed and built and its hydrodynamic behaviour was investigated [14] . Silica-based matrices were chemically modified to show a selective interaction with the aimed component to adsorb [15, 16] and were characterised by means of kinetic investigations and isotherms. To record isotherms at high pressure, a circulation plant for a maximum operational pressure of 360 MPa was built and isotherms at a pressure of up to 300
MPa were recorded.
Experimental

Material
The silica gel XWP-P005 was delivered by Grace Davison, Worms, Germany. XW P-P005 provides a specific surface of 80 m²/g, an average pore diameter of 50 nm, a pore volume of 1 to 1.2 mL/g, a density of 2120 kg/m³, and a void fraction of 0.82. SP 60-20 P, SP 200-20 P, and SP 1000-20 P are from Daiso Co. Ltd., Japan. They have a specific surfaces of 461 m²/g, 170 m²/g, and 24 m²/g and an average pore diameters of 7 nm, 23 nm, and 109 nm, respectively. For all Daisogels the pore volume is approximately 0,9 cm³/g and the particle size 20 µm. 3-mercaptopropyltrimethoxysilane, diethyleneglycoldiglycidylether, and 2,2,2-trifluoroethanesulfonylchloride are obtained from Fluka (Fluka Chemie GmbH, Buchs, Switzerland); hydrochloric acid, sodium chloride, acetone, toluene, sulphuric acid, potassium permanganate (Titrisol) and Triton X-100 were purchased from Merck (Merck, Darmstadt, Germany). All not otherwise specified chemicals are of analytical-reagent grade.
Preparation of the adsorbents
The silica gels are covered with over molecular sieve dried toluene and 3-mercaptopropyl-trimethoxysilane is added. This mixture is heated up to 80°C. After 90 minutes of reaction time the support is filtered and extracted with acetone [16] .
The result is a preliminary stage of the employed adsorbents that is utilized to proof the efficiency of the further modifications. 
The adsorbate Triton X-100
Triton X-100 is a non-ionic surfactant that is used as adsorbate as a model substance for amphiphilic substances such as glycolipides which provide large biological and pharmaceutical effects. Its formula is C 8 H 17 -C 6 H 4 -(OCH 2 -CH 2 ) n -OH where n equals 8…10 and it has an average molecular weight of 600 g/mol. Its structural formula for n = 8 is given in Fig. 1 . In aqueous solution, Triton X-100 builds micelles. Its critical micelle concentration CMC and the aggregation number of the micelles are pressure dependent [17] [18] [19] 
High pressure plants
The high pressure plant used to carry out the pressure-controlled fixed bed adsorption and desorption experiments with Triton X-100 is described in detail in a previous publication in this journal [14] . The plant is fully automated and designed for 
Methods
Isotherms were recorded using static methods [20] . At ambient pressure, the batch method was utilized. For this, kinetic investigations were carried out first and it was determined that equilibrium is reached after 30 minutes at the latest. 
Results
Isotherms
Adsorption isotherms at ambient pressure were recorded for the adsorbents HSU 125-1.2.1, 134-, 135-, and 136-1.1.1 [23] . Due to its large specific surface and especially the small pore diameter, which is of the same order of magnitude as the size of the adsorbate Triton X-100, HSU 134-1. Both adsorbents show a significant pressure dependency of their adsorption capacity. At ambient pressure, the adsorption capacity equals zero within the analysis' certainty. This assures optimum desorption and regeneration possibilities under these conditions. The adsorption capacity increases with pressure, the most distinctive pressure dependency is found between 100 MPa and 200 MPa.
Furthermore, at higher pressure the isotherms become more favourable, showing a steeper slope at lower concentrations and hence a higher affinity towards the employed surfactant Triton X-100. It is noteworthy that none of the high pressure isotherms crosses the coordinate system's origin. 
Discussion
The isotherm model after Langmuir is one of the few that fits, under certain assumptions, for liquid-solid adsorption equilibria [24] and it can be used to describe the adsorption behaviour of non-ionic surfactants [25] . On the first glance, the recorded isotherms presented in Figs. 3 and 4 , appear to be of a favourable Langmuir type [20] . However, it is not possible to explain isotherms that do not cross the coordinate system's origin with Langmuir's theory. Hence, two modifications of the Langmuir model are reviewed, the isotherms after Frumkin and Temkin [26] . The Langmuir equation can be written in the following form:
where Θ is the relative surface coverage, c the equilibrium concentration, and b a numerical coefficient reflecting a bonding energy [27] . With an interaction constant a F Frumkin added another degree of freedom to the equation:
and finally Temkin suggested a modification that allows for isotherms that do not cross the coordinate system's origin:
Applications of Temkin's theory can be found in literature [28] [29] [30] .
To determine the respective model parameters, in a first step the experimental results with HSU 135-1.1.1 as adsorbent were shifted in a way that a fitted isotherm crosses the origin. To this modified data isotherms according to Langmuir could be properly fitted and the maximum load could be determined [23] . This value is assumed to be reliable. It is used to determine the constants a F and a T from Looking into the influence of the silica structure of the basic materials, it appears that the shape of the desorption peak, and hence the desorption kinetic, is stronger affected than the overall adsorption capacity. The adsorption capacity for carriers with significant different specific surfaces, e.g. 24 m²/g for SP 1000-20 P and 170 m²/g for SP 200-20 P, is very similar, which as a start is a very surprising result. A possible and likely interpretation is that the silica gel's pore size is more important than the surface area. Pore sizes are connected to the adsorbent's specific surface, because a larger specific surface for particles of a similar size can only be realized through more -and smaller -pores. Considering micelle rather than single molecule adsorption as mentioned above, a high adsorption capacity can be realized with a comparatively small specific surface. By this, the unexpected small differences of the An Innovative Approach for Sorptive Separation of Amphiphilic Biomolecules Applying High Hydrostatic Pressure Bernd Niemeyer and Jan Jansen 16 adsorption capacities can be explained. Pore sizes, however, impact the adsorption kinetic in a way that for very large pores come along with lengthy diffusion while too small pores can get clogged. Hence it is expected that there is an optimum pore size for each system, going along with a specific surface of the respective silica gel.
By investigating the pressure dependence of the adsorption/desorption behaviour in the circulation plant it was proofed that the pressure induced change of the adsorption capacity is reversible. Furthermore, since these experiments are equilibrium investigations and pressure was the single parameter that was changed during the experiments, it can be stated the shift of the adsorption/desorption equilibrium can be controlled by pressure. Considering only the separation cycles, one can not be entirely sure that secondary effects, such as a small but unavoidable change in the mass flow while stopping the high pressure pump, have a significant impact on the desorption. However, regarding the equilibrium experiments shown in
Figs. 5 and 6 it is obvious that the decreasing pressure is the decisive factor that initiates and controls the desorption.
Summary
A new sorptive separation process, using high hydrostatic pressure to control the adsorption/desorption equilibrium was established. The feasibility of the process was proofed. The impact of two main parameters, the adsorption pressure und the structure of the silica gel, on the affinity separation cycle, especially the regained concentration of the valuable material, was elaborately investigated. The results are summed up in Figs. 12-14 . Fig. 12 shows the influence of the adsorption pressure on the regained concentration for three examined adsorbents. It can be seen that the regained concentration rises with increasing adsorption pressure up to a pressure of 300 MPa. Above 300 MPa the regained concentration remains almost constant. Since 360 MPa marks the maximum operation pressure of the plants at hand, it can not be predicted whether the concentration will rise again at significant higher pressures or will eventually drop.
From the high pressure isotherms it can be stated that the pressure dependence of the adsorption capacity does not rise linearly with pressure. Starting at a pressure of 200 MPa, the increase of the adsorption capacity becomes significantly smaller.
Therefore it appears likely that the regained concentration in the separation cycles remains constant or rather drops at adsorption pressures above 360 MPa. In addition, the influence of the silica structure of the adsorbents can be determined. Niemeyer -Jansen Niemeyer -Jansen 
